Materials and Methods
The material for this study consisted of 53 adult male and nine adult female patients from the files of the Mayo Clinic between January 1954 and April 1962, inclusive, who had undergone aortic valvular surgery for calcific aortic stenosis. Necropsy was performed in each instance. Information was derived from clinical histories, necropsy protocols, and gross and microscopic examination of the available organs.
The patients were divided into two groups on the basis of the method of valvotomy employed. Group 1 consisted of patients in whom a closed valvotomy (transventricular or transaortic) had been performed. Group 2 consisted of patients in whom a valvotomy (debridement, or excision and prosthetic replacement of one or more cusps, or both; or total excision of valve with prosthetic replacement) had been carried out under direct vision (open valvotomy with the aid of extracorporeal circulation). Group 2 was subdivided into groups 2A and 2B, which consisted of patients in whom the valvotomy had been done prior to (group A) or following (group B) the recognition of the threat and relative frequency of calcifie embolization. Certain specific measures were taken for patients in group 2B in an attempt to minimize the occurrence of calcific embolization during valvotomy. Essentially, these measures consisted of occlusion of the coronar-y ostia during the valvotomy and constant diligence in detecting and removing all bits of valvular debris.
The heart was the only organ uniformly available for study in each patient. The original description of each heart was reviewed, and each heart was re-examined. The methods of examination of the heart and the other available organs, as well as the preparation of tissue for histologic examination, have been previously described. Usually the decalcified matrix of the nodular deposits within the deformed valves stained positively with periodic acid-Schiff (PAS) stain and was basophilic with azure-eosin at pH 4.5. At times the basophilia was intense around the periphery of decalcified matrix. Some areas of matrix that were not PAS-positive were often moderately basophilic with azure-eosin at pH 4.5. Significant metachromasia was not seen with either methyl violet or azure-eosin staining of formalin fixed, decalcified valves. All occlusive arterial lesions that were observed histologically were classified as calcific embolie or nonealcific embolie.
A calcifie particle was considered to be derived from aortic valvular material and most likely embolic when both the following criteria were fulfilled: (1) postoperatively, an occasional spontaneous embolus was erroneously classified as postsurgical.
Results
Eighty-two instances of enmbolization were identified in 38 (61 per cent) of the 62 patients studied. In eight of these 38 patients, 16 additional emboli were found which, aecording to the criteria used, probably occurred prior to valvular surgery. Thirty-five patients (57 per cent) had caleific emboli to the major or minor coronary arteries, or both; in eight patients (13 per cent) emboli were present in the arterial supply of other organs (kidney, five patients; brain, two patients; eye, one patient) ( the right coronary artery was the site in one patient (posterior descending branch). The size of the emboli varied from 1 to 3 mm. Two separate emboli were identified in one patient; one was lodged 3 cm. from the origin of the left anterior descending branch while the other occluded the left circumflex branch 6 cm. from its origin. In several instances elastic and collagenous fibers were seen within and surrounding the calcific particle ( fig. 4) Left ventricular myocardium of a 36-year-old Left circumflex coronary artery 6 Cerebral enibolization was identified in two patients. In one of these patients, emboli were demonstrated in the right middle and the right anterior cerebral artery ( fig. 3 ). In the other patient, a calcific embolus had occluded the posterior cerebral artery. The size of the embolic particles varied from 1 to 1.5 inm., and in both instances acute cerebral infaretion was present distal to the occluded vessel. The cerebral arterial atherosclerosis was considered as grade 1 in both cases. In two additional patients, small cerebral infarets were noted; however, no emboli could he demonstrated.
Retinal Arteries A calcific embolus was identified in the central retinal artery in one patient (previously reported by Edwards)9 ( fig. 7) . The embolus had been demonstrated funduseopically on the seventh postoperative day, appearing similar to the "white body" previously described by Hollenhorst.10 Associated with the embolus was early degeneration of ovf Dr. J. E. Edwards. the nerve fibers of the retina. Clinical evidence of enibolization had occurred in ain additional patient following aortie valvotomyv 2 years prior to death; however, the eves were not exalmined at necropsy.
Renal Arteries
Calcific emnboli were observed within renal arcuate and interlobular arteries of five patients ( fig. 8 ). In two of these patients, emboli were also identified in an afferent arteriole. Acute infarction of the renal cortex was present in one patient distal to an occluded interlobular artery. In the remaining four patients, no renal infarets were observed. The renal arteries and their branches showed minimal arteriosclerotic changes and did not have any evidence of medial calcification. Acute renal cortical infaretion was present in two additional patients in whom no emboli could be demonstrated.
Relationship of Emboli to Cause of Death
The relationship of the incidence of emboli to the postoperative interval and to the cause of death was investigated. Calcific emboli occurred in about half the patients who died 
Frequency of Embolization by Groups
The frequency of major and minor coronary embolization is recorded in table 2. Both major and minor coronary embolization were more frequent in group 2 (patients in whom valvotomy had been performed under direct vision) than in group 1 (patients in whom a transventricular or transaortic valvotomy had been performed). The frequency of major coronary embolization was less in group 2B (patients whose aortic valvotomy had been carried out following the recognition of the present incidence of calcific embolization) than in group 2A (patients whose valvotomy had been performed prior to the recognition of the present incidence of calcific embolization), but the same high frequency of minor coronary embolization occurred throughout group 2. days after open valvotomy. Small calcific particle occludes lumen of a glomerular afferent arteriole. In addition, an interlobular artery wals occluded with a calcific embolus and an acute cortical infarction was present distal to occlusion (hematoxylin and eosin; X 275 reduced phiotographically).
Discussion
In a previous study, evidence of spontaneous calcific embolization was found in almost one fifth of patients who had calcific aortic stenosis.3 In the present study, postsurgical calcific embolization was observed in more than half of the patients who died at various intervals following surgical procedures for the relief of calcific aortic stenosis.
The true incidence of arterial embolization of an organ can most reliably be determined by complete examination of the entire vaseulature of that organ. In our studies the heart was the only organ that was extensively ex- Circulation, Volume XXVIII. August, 1963 amined in all patients. Cross sections of the subepicardial portions of the major coronary arteries were made at intervals that were sufficiently close to allow visualization of the entire lumen, and thus probably to detect all emboli of major coronary arteries.
Estimation of the incidence of embolization of minor coronary arteries was a more difficult problem. Comparison of the frequency of calcific embolization in groups 1 and 2 suggests that calcific embolization is a particular hazard of those surgical procedures of the aortic valve made possible by open-heart technics. Most calcific emboli to the major coronary arteries in this series occurred to the left coronary artery and its branches. Open-heart surgery of the aortic valve is usually performed witb the patient supine, the surgeon working through a median sternotomy. In this position the orifice of the coronary artery, particularly the left, is dependent, so that calcific fragments may fall into it during manipulations upon the valve. These considerations suggest that the time of greatest jeopardy of embolism to the major coronary arteries miay be during the period of valvotomuy itself, rather than after reestablishment of circulation. Obviously, myocardial, cerebral, renal, and other embolization will occur after resumption of blood flow. 
